Abstract: Site index (SI) is commonly used in natural stands, even when their diameter distribution deviates from that of the monospecific, even-aged, fully stocked stands used to develop basic age-height relationships. Since deviations from basic age-height trajectories can be reflected in deviations of stand diameter distribution from a bell shape, we incorporated different diameter diversity indices into an age-height equation to help improve height predictions and determine which index is best related to stand dominant height. This procedure was performed using black spruce (Picea mariana (Mill.) BSP) stands from a large network of permanent sample plots established across the province of Quebec, Canada. The age-height model that minimized the Akaike's information criterion used the Shannon evenness index (E Sh ) as an equation modifier accounting for the diameter diversity variable. The model showed that for stands established on relatively poor sites (SI = 9), no substantial differences in dominant height were found between two contrasting ESh values. For SI = 15, however, the larger ESh value increased the dominant height by as much as 1 m at 80 years. These results suggest that introduction of E Sh into an age-height model can improve calculation of site index, particularly in regions characterized by the presence of numerous uneven-aged stands.
Introduction
Site index is widely used to assess the potential productivity of forest stands for its ease of computation from common forest inventory data, for its efficacy in predicting wood volume, and for its ease of integration into forest growth and yield models. Site index seems to have appeared around the end of the 19th century with the first normal yield tables produced for even-aged and fully stocked stands (Assmann 1970) . Accordingly, trees suitable for estimating site index are generally defined as free-growing, uninjured, dominant trees that are found in even-aged, well-stocked stands not affected by recent disturbances (Carmean and Lenthall 1989) . While tree plantations and many natural stands composed of pioneer species correspond to these criteria, a large proportion of natural stands deviate from this definition. Nonetheless, site index continues to be used in the absence of other effective variables. This is the case with secondgrowth stands originating from advance regeneration, stands partially disturbed by climatic events or insect outbreaks, old-growth stands, etc. As such stands cover a large part of the forested land of Quebec, Canada, certain concerns arise. On the one hand, if site index models are developed only from the above-mentioned well-suited stands, using them with other types of stands can underestimate potential site productivity. On the other hand, if site index models integrate age-height data from stands of all structures, they could be associated with large prediction errors that would affect the accuracy of the merchantable volume projection at the landscape level, and might even produce substantial bias at the local scale.
In stands deviating from an even-aged structure, trees of all crown classes may have undergone a suppression period during which height growth was reduced compared with that of a free-growing tree of an equivalent age. If a dominant tree selected for site index estimation has been suppressed, the resulting site index will have a lower value than that estimated with free-to-grow dominant trees. In other words, the site index will be underestimated. Different methods have been proposed to circumvent this problem, such as correcting tree age (Pothier et al. 1995; Hamel et al. 2004) , predicting site index from permanent biophysical site characteristics (Ung et al. 2001; Hamel et al. 2004 ), or developing different complementary approaches for site index estimation, each of which is applied to a particular succession stage (Nigh 1998) . However, while these methods can be used to successfully estimate site index, they require supplementary data not commonly available from the largescale forest inventories used in timber supply calculations. In contrast, supplementary data are not required for diameter-height relationships that have been proposed as replacements for age-height relationships in mixed or uneven-aged stands (Huang and Titus 1993) , but the underlying hypotheses of this approach have been invalidated and cannot be considered as a reliable alternative to site index (Wang 1998) .
Since uneven-aged or, more generally, irregular stands are expected to follow a different age-height trajectory than even-aged stands, introducing a variable representing stand diameter distribution into the age-height model may improve the predictive ability of the model. Indeed, diameter distributions of even-aged and irregular stands are quite different and can thus be used to detect possible deviations from age-height trajectories of free-growing trees. According to McCarthy and Weetman (2007) , the diameter distribution of a typical boreal stand established after a major disturbance evolves from a truncated reverse-J shape at young ages to a bell shape around maturity, and then to reverse-J to bi-modal shapes when the stand is over-mature or is affected by secondary disturbances such as insect defoliation. Such a pattern of change in diameter distribution is expected to be similar for all site qualities and stand densities, but the rate of change would be faster in more fertile sites (Boucher et al. 2006) , and this should lead to a positive correlation between diameter diversity and site quality.
To be of practical use, the diameter distribution variable introduced into the age-height model must be computable from measurements taken during large-scale forest inventories. For example, stand diameter diversity, as computed by the Shannon index, has been successfully introduced into the age-height relationships of black spruce (Picea mariana (Mill.) BSP) stands, although its effect has not been discussed extensively (Ung et al. 2001; Raulier et al. 2003) . The objectives of this study are thus to determine the stand diameter distribution variable that best explains the residual variation of the age-height relationship of black spruce stands and to develop a reliable age-height model that would be applicable over a broad range of stand structures. To achieve these objectives, we chose to use information from sequential medium-term (*10 years) measurements of permanent sample plots (PSPs), because they can take into account the possible changes in tree dominance (Elfving and Kiviste 1997; Raulier et al. 2003; García 2005) . Moreover, compared with stem analyses, PSPs normally cover a narrower range of ages, but are fully compatible with forest inventories used in timber supply calculations and reproduce the bias related to a constant plot size when estimating properties of a fixed number of trees per hectare (Zeide and Zakrzewski 1993) .
Material and methods

Sampled stands and data collection
The stands sampled for this study were selected from a network of permanent sample plots established by the ministère des Ressources naturelles et de la Faune du Qué-bec (MRNFQ) from 1970 on. PSP selection was based on a stand composition criterion to limit the scope of the study to black spruce stands, which were defined as stands in which black spruce made up at least 75% of merchantable basal area during the first measurement period. As well, we only retained PSPs that had been measured at least twice and that included at least two dominant or codominant black spruce trees whose age and total height were measured. Moreover, these PSPs had to include at least four trees with a diameter at breast height (1.3 m, DBH) larger than 9 cm to estimate the stand dominant height (the four largest trees in a 400 m 2 plot correspond to the 100 largest trees per hectare). Using these criteria, 1390 PSPs were selected to represent a large range of growing conditions and stand characteristics. These PSPs were repeatedly inventoried over periods ranging from 4 to 33 years. These 1390 PSPs were then randomly divided into two groups. One group was used to calibrate the model (715 PSPs), while the other evaluated its performance (675 PSPs). The main characteristics of these two groups of PSPs are summarized in Table 1 . According to Vanclay (1994) , evaluating model performance with an independent data set better reveals its overall quality than does cross-validation.
Between 1970 and 2005, the selected PSPs were inventoried two to five times during snow-free periods. The inventory consisted in measuring the DBH (±1 mm) of each tree larger than 9.0 cm within a 400 m 2 circular plot and in determining the age and the height (±0.1 m) of 2-13 dominant or co-dominant trees. Moreover, the number of saplings (trees with DBH larger than 1.0 cm but smaller than 9.1 cm) per 2 cm diameter class was determined for each species in a 40 m 2 subplot located in the central part of the 400 m 2 plot. The tree species most commonly found with black spruce in these PSPs were balsam fir (Abies balsamea (L.) Mill.), jack pine (Pinus banksiana Lamb.), white birch (Betula papyrifera Marsh.), and trembling aspen (Populus tremuloides Michx.).
Dominant height and stand age
The age-height model used in this study is based on dominant height and stand age. Dominant height (H d ) is here defined as the mean height of the 100 largest trees per hectare (Pardé and Bouchon 1988) , which corresponds to the four largest trees per plot. Since the height of the four largest trees per plot was not systematically measured, we estimated H d according to an equation proposed by Bégin and Raulier (1995) and parameterized by Pothier and Savard (1998) :
where H d is dominant height (m), D 4 is the mean DBH (cm) of the four largest trees per plot, D is the mean DBH (cm) of the trees sampled for height measurements, H is the mean height (m) of the trees sampled for height measurements, and 0 is the value ( 0 = 0.034 90) of a parameter calculated from a very large plot sample (nearly 28 000 temporary sample plots located throughout the range of black spruce range in Quebec, Canada). Stand age was defined as the age of the dominant trees determined at 1 m above ground level to remove a portion of the possibly erratic growth occurring during the juvenile stage (Carmean 1975) . As it is only since 1990 that tree age in our PSPs was measured at 1 m, previous age measurements (determined from 0.15 to 1.37 m above ground level) were corrected according to a method proposed by Pothier and Savard (1998) . First, a temporary site index was calculated for each plot measurement using the following equation:
where SI temp is the temporary site index (m at 50 years), H d is dominant height (m), A is the mean age (years) of the sampled dominant and co-dominant black spruce trees measured at any height between 0.15 and 1.37 m, and 1 to 5 are regression parameters calculated from the same large sample as for eq. 1 ( 1 = 0.9604, 2 = 0.9412, 3 = 0.033 79, 4 = -0.6970, and 5 = -01046). This temporary site index was then used to calculate the number of years necessary for a black spruce tree to reach a height of 1 m according to another equation parameterized by Pothier and Savard (1998) :
where Y is the number of years necessary to reach 1 m, SI temp is the temporary site index (m at 50 years), and 6 = 310.0 and 7 = -1.751 as calculated from the same sample as eqs. 1 and 2. Equations 2 and 3 were used solely to correct the age of trees measured at a height other than 1 m. For example, if the age of a tree was measured at 15 cm above ground level, the corresponding age at 1 m was equal to the age at 15 cm minus (1 -0.15) times Y.
Diameter distribution variables
Among the numerous diameter diversity variables developed by various authors, we selected six indices (Table 2) , which were computed using data from the periodic measurements of each PSP and then incorporated as explanatory variables into the age-height regression model. The calculation of these indices used the number of live trees by 2 cm DBH classes, and included saplings as well as merchantable trees. The first five of these six indices have already been described and tested by Lexerød and Eid (2006) in a study aiming at evaluating different diameter diversity indices for forest management planning.
The Shannon index is commonly used in forest research to represent tree size diversity (Lexerød and Eid 2006) . This index takes a zero value when all the trees are in the same diameter class and the maximum value ln(S) when the basal area is evenly distributed among all diameter classes. In our PSP sample, 16 diameter classes (S) were required to include all the trees, and this number was thus used as S. By dividing the Shannon index by ln(S), we obtained a standardized index known as the Shannon evenness index that always takes a value between 0 and 1 ( Table 2) .
The Simpson index corresponds to the probability that two randomly selected trees belong to the same diameter class (Lexerød and Eid 2006) . Counterintuitively, at maximum diversity, the Simpson index value equals 0, while at minimum diversity, it equals 1. Hence, the reciprocal of the Simpson index value is often used to obtain an index value that increases with greater diversity (Table 2 ). The McIntosh index is a measure of dominance that is independent of the number of diameter classes (Lexerød and Eid 2006) . Its calculation is based on both stand basal area and the summation of the basal area of each diameter class. This index can be standardized by taking into account the number of diameter classes, in which case it becomes an evenness index ranging between 0 and 1 ( Table 2) .
The Gini coefficient is a measure of heterogeneity, which requires ranking all trees by diameter in ascending order. The Gini coefficient is a measure of the deviation from perfect equality and has a minimum value of zero, when all trees have exactly the same diameter, and a maximum theoretical value of one, when only one tree has a diameter in an infinite population (Lexerød and Eid 2006) . The BergerParker index is independent of the number of diameter classes and expresses the proportional importance of the diameter class with the largest basal area in a stand (Lexerød and Eid 2006) . The reciprocal form of this index is normally used to produce a zero value when all trees are in the same diameter class and a theoretical value of one when the basal area of each diameter class is exactly the same ( Table 2) .
The sixth and last diameter distribution variable corresponds to the shape parameter ''c'' of the Weibull diameter distribution model (Bailey and Dell 1973) . To calculate this parameter, the Weibull function was fitted to the cumulated frequency of tree diameters in each PSP measurement with the NLIN procedure of the SAS system. The value of this shape parameter indicates different diameter distributions that can be grouped into four large classes: when c 1, the diameter distribution corresponds to a reverse-J shape; when 1 < c < 3.6, the diameter distribution is mound shaped and positively skewed; when c is close to 3.6, the diameter distribution is approximately normal; and when c > 3.6, the diameter distribution becomes progressively more negatively skewed (Bailey and Dell 1973) .
Dominant height modelling
The age-height model used in this study is based on the broadly used Chapman-Richards model, which was formulated as a difference equation:
When this model was fitted with dominant height trajectories of individual PSPs, Raulier et al. (2003) found that parameters 8 and 9 were strongly correlated. Consequently, they reparameterized their equation by relating 9 as a function of 8 and by expanding parameter 8 as a function of various independent variables that correlated with the residuals of previous incomplete models. Following the same methodology and after many trials, the final version of the model included three modifiers of 9 that took into account the variation of the asymptotic height (f~h max ), the number of years between two measurements (f Dt ), and the diameter diversity index (f DD ).
where H d,i(j + 1) and A c,i(j + 1) are the dominant height (m) and 
McIntosh evenness index
Note: p i is the proportion of basal area in diameter class i, S is the number of diameter classes; BA is stand basal area (m ), j is the rank of a tree in ascending order from 1 to n, n is the total number of trees, ba max is the basal area in the diameter class with the largest basal area (m 2
Áha
-1 ), F d is the Weibull function fitted with the cumulated frequencies of tree diameter (DBH), and b and c are the scale and the shape parameter of the Weibull function, respectively. the age at 1 m, respectively, of the (j + 1)th measurement of the plot i, H d,ij and A c,ij are the dominant height (m) and the age at 1 m, respectively, of the jth measurement of the plot i, 8 , 9 , b 8 , b 9 , and c x are parameters to estimate,h max is an approximation of the asymptotic height of eq. 4 using the mean expected value of 9 , f x are modifiers of the parameter 9 , which were expressed as centered values around the mean of each considered variable x (with x corresponding toh max , Dt, or DD), and 3 i(j+1) is the error term. The modifiers retained in the model were all associated with parameters significantly different from 0 at 0.05.
A three-step procedure was used to estimate parameters of eq. 4 to facilitate the convergence of parameter estimation. The first step helped in estimating the mean expected values of parameters 8 and 9 without accounting for possible modifiers of 8 (eq. 6). This step was performed using the SAS NLIN procedure and resulted in initial, provisional estimates of parameters 8 and 9 . These provisional estimates were used to calculateh max for each measurement of each plot. A second step was then used to estimate simultaneously all the parameters of eqs. 4, 5, and 6 with the same procedure, still ignoring the correlation among the measurements of each plot. Finally, a third step estimated the final values of the parameters of eqs. 4, 5, and 6 with PROC NLMIXED, with starting values obtained in step two. This procedure uses a random parameter approach to consider a random plot effect that is different from and independent of the residual random effect. Hence, once the plot effect is taken into account, the model residuals (eq. 4) are independently distributed (Biging 1985; Lappi and Bailey 1988; Lappi and Malinen 1994) . Moreover, a weight w = 1/n, where n is the number of plots per combination of site index and age classes, was used to counteract the bias caused by random sampling of the plots, which produces an unequal representation of the plots among these classes (Smith 1984; Verbyla and Fisher 1989) . The site index value (dominant height at 50 years) used in the weighing procedure was estimated for each measurement of each plot of the calibration data set by using the age (A c,ij ) and dominant height (H d,ij ) of each measurement, by fixing A c,i(j + 1) at 50 years, and by using parameters 8 and 9 estimated during step two.
Evaluation of model performance
The six diameter diversity variables were incorporated in turn as modifiers into the age-height model (eq. 4), in each case accompanied by the same two other modifiers (asymptotic height and time interval between two measurements). Consequently, we had to compare six models that differed solely in the diameter distribution variable that was introduced as a modifier. The best model among these six was determined using Akaike's information criterion (AIC), which was transformed into Akaike's weight, as this can be directly interpreted as the probability that a model is suitable (Buckland et al. 1997 ). According to these authors, Akaike's weight can be calculated as:
where w k is the Akaike's weight of the model k, AIC k is the AIC value of the model k, and AIC min is the minimal AIC value among the six models. Analyses of residuals were also performed on each model to detect any deviations from normality and homoscedasticity using the SAS UNIVARIATE procedure. Finally, model performance was evaluated with the 712 PSPs that were not used for calibration. As many of these PSPs had more than two measurement intervals, we were able to evaluate the model for each of these measurement intervals and for the entire period of time covered by the measurements. The model was evaluated using two statistics: the bias, that is, the average of the differences between the observed and the predicted dominant height, and the root mean square error of prediction (RMSEP), that is, the square-root of the sum of the squared differences between the observed and the predicted dominant height.
Results
The six diameter diversity indices introduced in eq. 4 resulted in different fits to the age-height model (Table 3) . According to Akaike's weight, the best model was that incorporating the Shannon evenness index as the modifier accounting for the diameter diversity variable. The model that incorporated the Gini coefficient could be considered as a good alternative, but its slightly lower fit statistics (Table 3) and its more complex computational method (Table 2 ) made this index less attractive than the Shannon evenness index. Therefore, further modelling development focused on the adjustment and the predictive potential of the age-height model with the Shannon evenness index as an explanatory variable. Table 3 shows the values of each parameter of the model that uses the Shannon evenness index, as well as the mean values used in the calculation of modifiers. The residuals of the model are well distributed around the zero value (results not shown), which suggests that the model is unbiased and statistically appropriate. The negative sign of the parameters associated with the Shannon evenness index and the time interval between two measurements indicates that both variables have a positive impact on the prediction of dominant height. Hence, for a given mean stand age, an increase in stand diameter diversity is associated with larger height growth of dominant trees. Similarly, for a given projection period, dominant height predictions using fewer (i.e., longer) intervals produce higher values than those using more (i.e., shorter) intervals. On the other hand, sinceh max is estimated from solely H d,ij and A c,ij , all stands characterized by a given age and dominant height correspond to only oneh max value. Consequently, the role of the positive parameter value associated withh max in eq. 4 is only to constrain the long-term dominant height projection to a plateau value determined by A c,ij , H d,ij , and the other modifiers.
The evaluation data set allowed us to compute some statistics related to model performance. Hence, the model's overall bias is 0.08 m, while the RMSEP is 0.86 m for a mean projection period of 10.7 years (Table 4) . When these two statistics are computed by class of Shannon evenness index value, the bias remains low for all classes, while the RMSEP tends to increase with increasing index value (Table 4) . These biases, computed from eq. 4, are 50% lower than those computed from the application of the ageheight relationship of Pothier and Savard (1998) , which does not take into account stand diameter diversity (Table 4) .
To determine site index, age-height relationships are often used for long-term projections when the observed stand age differs greatly from the reference age (50 years). Since our model includes the Shannon evenness index, we thus verified whether this index was stable over time or not. We found that this index changed over time, so we modelled the pattern of change of the Shannon evenness index over time with a difference equation into which we incorporated several explanatory variables. The following linear model was chosen because of its simplicity and its predictive ability:
where E Sh,i(j + 1) is the Shannon evenness index of the (j + 1)th measurement of the plot i, where E Sh,i(j + 1) , A c,ij , and H d,ij are the Shannon evenness index, the age at 1 m, and the dominant height, respectively, of the jth measurement of the plot i, and 0 to 3 are parameters to estimate. This model was fitted using the SAS MIXED procedure within which we used a power covariance structure (SP(POW)), with time interval between two consecutive inventories as a power, to take into account the irregular time intervals between repeated measurements of each PSP (Moser 2004) . The residuals of this model are well distributed around the zero value (results not shown), while the parameter values and the related statistics are indicated in Table 5 . The time interval between two PSP measurements (A c,i(j+1) -A c,ij ) was incorporated into this model but failed to explain a significant part of the variation of E Sh,i(j + 1) when the other variables were already in the model. This likely means that the variation in the time interval between two successive measurements in our PSP network is not large enough to induce significant changes in E Sh . The long-term projection model of stand dominant height, composed of eq. 8 integrated into eq. 4, was then validated with the PSPs that were not used in the calibration procedure. This evaluation data set allowed us to estimate stand dominant height for different projection periods in the case of PSPs measured more than twice. For these PSPs, we used only the information from the first measurement to estimate the stand dominant height and the Shannon evenness index at the year of the second measurement, and these estimates were then used to calculate the same variables at the third measurement, and so on. We calculated the modelling error, which was expected to increase with increasing projection period, from the observed values of each measurement. While a slight increase in RMSEP was observed over the projection period (from 0.80 m below 15 years to 1.15 m over 25 years), the calculated bias and RMSEP were lower than 1% and 10%, respectively, of the average observed H d for every 5-year class of the projection period (from 5 to 30 years). These results from the long-term stand dominant height model can be appreciated in Fig. 1 , which shows a rather stable residual distribution around zero for the entire range of projection length.
Equations 4 and 8 were used to graph long-term projections of stand dominant height for two site indices and two base Shannon evenness indices representative of our data set Table 3 . Estimated parameters, mean values of modifiers, and fitting statistics of the age-height model (eq. 4) that were calculated using six different diameter diversity indices.
Diameter diversity index introduced in eq. 4 
<0.0001
Note:
h max is the mean proxy of the asymptotic height; Át is the mean number of years between two measurements; DD is the mean value of the diameter diversity index as calculated from the calibration data set; R 2 is the coefficient of determination; and w k is the Akaike's weight of each model. (Fig. 2) . For poor site index (SI = 9 m at 50 years), no substantial differences in dominant height can be observed from 30 to 120 years between stands characterized by contrasting Shannon evenness indices representative of the observed values (Fig. 2) . However, for SI = 15 m, the larger Shannon evenness index resulted in differences greater than 1 m for stand ages below 35 and above 80 years (Fig. 2) . The impact of introducing the Shannon evenness index in the age-height relationship thus seems to vary with site quality, the more fertile sites gaining more precision as compared with less fertile ones.
Discussion
Several diameter diversity indices were tested to determine their capacity to help predict stand dominant height in eq. 4. According to Lexerød and Eid (2006) , two of these indices are a measure of evenness (E Sh and E MI ), two others are a measure of dominance (D Si and D BP ), one is influenced by the diameter range (GC), and the last one reflects the shape of the diameter distribution (parameter ''c'' of the Weibull function). The index that best explained dominant height variation when all other variables were incorporated into the model was the Shannon evenness index (E Sh ), as it minimized AIC (Table 3 ). The worst performing index was the other evenness index (E MI , Table 3 ), which has a computational method based on basal area values rather than the Table 4 . Bias and root mean square error of prediction (RMSEP) for dominant height as computed from eq. 4 and from Pothier and Savard (1998) with the evaluation data set for five classes of Shannon evenness index values (the mean projection length was 10.7 years).
Class of Shannon evenness index value
E Sh < 0.5 0.5 < E Sh 0.6 0.6 < E Sh 0.7 0.7 < E Sh 0.8
Bias ( proportion of basal area of each diameter class as in E Sh ( Table 2 ). The shape parameter ''c'' of the Weibull function was initially expected to perform well because of the flexibility of this function in fitting a variety of shapes and degrees of skewness (Liu et al. 2002; Zhang et al. 2003) . However, this index was unable to discriminate old, multiaged, true reverse-J stands from young single-cohort stands as already observed by McCarthy and Weetman (2007) . Indeed, these authors found that the diameter distribution of balsam fir stands as old as 40 years is characterized by a reverse-J shape with an effective truncation of the largest diameter classes. Consequently, for these young even-aged stands, the shape parameter ''c'' of the Weibull function takes a low value -characterized by a reverse-J shaped diameter distribution -instead of a larger value corresponding to a bell-shaped diameter distribution with freegrowing dominant trees.
The mathematical relationships among the variables in eq. 4 imply that a negative sign for the parameters associated with the Shannon evenness index and the time interval between two measurements results in a positive impact on the prediction of H d . High E Sh values correspond to a frequency distribution spread over several diameter classes that characterizes irregular old-growth stands and, to a lesser extent, even-aged, mature or overmature stands (McCarthy and Weetman 2007) . Consequently, high E Sh values tend to represent stands within which mortality of dominant trees began to occur, so that age-height relationships of trees selected for site index estimation likely deviate from that of free-growing trees. This can help explain the smaller bias associated with eq. 4 for large E Sh values as compared with the prediction of H d from the equation of Pothier and Savard (1998) (Table 4) , which does not take into account stand diameter diversity when predicting dominant height. Whereas eq. 4 tends to reduce the bias associated with the prediction of H d for all classes of E Sh , the magnitude of this bias reduction is greater for E Sh values larger than 0.7, which correspond to 46% of the observations in the evaluation data set. This increase in accuracy at predicting dominant height contributes to reducing the overall bias of the model as compared with that of Pothier and Savard (1998) , while the RMSEPs of both models were similar (Table 4) . For both models, the RMSEP tends to increase with increasing E Sh values, indicating that the dominant height of stands with a large diameter range is difficult to predict. This is likely because many processes can result in a given diameter diversity but varying dominant height. For example, irregular diameter structures can be produced by senescence of dominant trees (Hatcher 1963; Harper et al. 2003) , insect epidemics (Pham et al. 2004; Bouchard et al. 2006; McCarthy and Weetman 2007) , pathogens, windthrow, snow loading, and ice damage (McCarthy 2001) , all of which are expected to differently affect the pattern of change in H d , because they are associated with different rates of tree degradation and mortality and produce different intensities and spatial patterns of mortality.
The parameter significantly different from zero associated with the time interval between two measurements ( Table 3 ) primarily means that eq. 4 can only be used with the average time interval of the calibration data set so as to avoid introducing a prediction bias. Hence, for long-term projections of stand dominant height, eq. 4 should be used to estimate H d by 10-year steps that involve using these estimations as starting values for subsequent 10-year projections. This iterative procedure means that our model is not path invariant, which is a sought-after property leading to identical predictions for different combinations of projection lengths (Clutter et al. 1983) . However, our model produced prediction errors that were very similar over different projection lengths (Fig. 1) , which suggests that lack of path invariance is not a major concern.
By itself, eq. 4 must be used only for estimating H d during one 10-year period. For longer projection periods, we have to take into account the pattern of change of E Sh over time, i.e., integrate eq. 8 into eq. 4. Combining these two equations enabled us to estimate H d for projection periods varying from 5 to 35 years, including up to four successive estimations of H d and E Sh (the maximum number of measurements for a PSP in the evaluation data set was five). The H d prediction errors were remarkably stable (Fig. 1 ) along this range of projection lengths, especially if we consider the increasing risk of height growth alteration with increasing projection length. This suggests that the model is reliable and flexible, as it can generate reasonable estimates for relatively long projection periods and for a territory as large as the commercial black spruce range in the province of Quebec, which covers roughly 650 000 km 2 .
Long-term projections of the model (eqs. 4 and 8) produced dominant height patterns that differed when two E Sh values at 50 years were applied to two distinct site indices (Fig. 2) . For black spruce stands established on relatively poor sites (SI = 9), stand diameter diversity seemed to have very little influence on the pattern of change of dominant height. On these sites, open stands with large diameter diversity often originate from limited regeneration establishment resulting from inadequate seedbed conditions or a reduced seed pool caused by insect herbivory (Payette et al. 
2000)
. Moreover, the slow development of trees on these poor sites generally increases their longevity because of a lack of resources (Robichaud and Methven 1993) . Consequently, dominant trees sampled for site index determination were likely free to grow since their origin, and this situation reduces the possible shifts in social status. This could explain why the dominant height of these stands was not affected by the diameter structure and followed a general H d trajectory close to that of even-aged stands.
On the other hand, an increase in stand diameter diversity on more fertile sites (SI = 15) is associated with larger H d estimation after 50 years (Fig. 2) . According to Bergeron et al. (1999) and Bouchard et al. (2008) , such stands generally originate from forest fires that promote black spruce regeneration in an even-aged structure. This stand structure is conserved until natural mortality occurs among dominant trees, at which time mortality-induced gaps can be filled by black spruce regeneration, generally through layering (De Grandpré et al. 2000; McCarthy 2001; Pham et al. 2004) . As this process progresses, stand diameter structure becomes more diversified with a diversification rate that increases with higher site qualities (Boucher et al. 2006) . This is supported by our results, since E Sh was found to increase faster in tall stands (eq. 8 and Table 5 ). Consequently, stands with large diameter diversity are more likely to be found on fertile sites that have been spared catastrophic disturbances over a long period of time. Once time since fire stretches beyond average black spruce longevity, trees sampled for site index determination are increasingly likely to belong to a tree cohort that developed under the canopy of a preceding cohort. Thus, the height development of these trees has a greater likelihood of deviating from that of a free-growing tree, and this situation should result in a different age-height relationship. The role of E Sh in the age-height relationship can thus be seen as an index of departure from the normal age-height relationship that adjusts stand dominant height for a given determined age.
The introduction of E Sh into the age-height relationship of these black spruce stands can also be seen as an age correction substituting years of normal growth for years of suppression of dominant trees (cf. Pothier et al. 1995; Hamel et al. 2004) . This analogous effect is illustrated in Fig. 3 , in which the point (A 1 , H 1 ) represents the initial state of a given stand, and the point (A 2 , H 3 ) corresponds to its state after a 30-year period when the initial value of E Sh was 0.805. If the initial value of E Sh was 0.730, the dominant height of this stand would have reached the point (A 2 , H 2 ) 30 years later (Fig. 3) . Hence, the difference between H 3 and H 2 corresponds to an adjustment of dominant height caused by introducing a higher E Sh value into the age-height relationship. This H d adjustment could have also been produced by correcting the stand age to remove about 7 years of suppression (A 1 -A 0 ), but by using a E Sh value of 0.730 instead of 0.805. With this correction of age, the site index would have been calculated as 16 m at 50 years (instead of 15), and the dominant height at 80 years would have reached 17.9 m (A 2 , H 3 ). In this example, taking stand diameter diversity into account has thus the same effect as increasing the site index value from 15 to 16 because of an age correction. However, we believe that it is easier to use E Sh than to correct age for years of suppression, because stand diameter diversity can be easily calculated from standard forest inventories, while age correction requires supplementary data collection (increment core) and analyses to determine the number of years during which suppression occurred.
Conclusion
The introduction of a diameter diversity index into an age-height relationship helps to improve predictions of the dominant height of black spruce stands, especially for those established on good quality sites that are subject to more rapid changes in diameter structure. We thus recommend using such an equation to enhance predictions of dominant height, a key variable in systems of equations used for sustained yield calculations. These improved predictions of dominant height are particularly important in regions characterized by a long fire return interval, because they are composed of numerous uneven-aged stands for which determination of site index is problematic. Moreover, use of a diameter diversity index could also be explored as a means to improve site index determination in stands known to be problematic in this regard, such as mixedwoods or those composed of uneven-aged tolerant hardwoods. However, improvement of age-height relationships likely requires a calibration data set covering a rather large range of E Sh , which could hardly become available for stand types subjected to uneven-aged management for a long time.
